A growing number of both experimental and clinical studies demonstrate that locally administered opioid agonists can produce pronounced analgesic effects by interacting with peripheral opioid receptors in inflamed tissue. Such receptors are present on peripheral sensory nerves where they can modulate both afferent and efferent neuronal functions to eventually result in antinociception. Three different types of opioid receptors (P, 6, K) appear to mediate such effects (for reviews, see Barber and Gottschlich, 1992; Stein, 1993) . The fact that peripheral antinociceptive effects of opioid agonists are pronounced in inflamed tissue but negligible under normal conditions (Stein, 1993) , suggests an inflammation-induced process. There are several hypotheses. First, an increase in de nova synthesis and peripheral axonal transport of opioid receptors Schafer et al., 1994b) . Second, an activation of opioid receptors that are preexistent on sensory nerves, but inactive or inaccessible by virtue of a perineurial barrier under normal conditions (Rechthand and Rapoport, 1987; Olsson, 1990) . At later stages of an inflammatory reaction, the first hypothesis could serve as an explanation. At earlier stages, however, an inflammation-induced disruption of the perineurial barrier (de la Motte et al., 1975; Olsson, 1990 ) and a subsequent facilitated access for agonists seems more likely. Such leakage of the perineurium can also be produced experimentally by the extraneural application of hyperosmolar solutions (Kristensson and Olsson, 1976; Weerasuriya et al., 1979; Rechthand and Rapoport, 1987) .
The present study sought to examine at which stage of Freund's adjuvant-induced inflammation peripheral antinociceptive effects of opioids become manifest and whether a deficiency of the perineurial barrier could contribute to such effects. To this end we have (1) monitored the temporal evolution of inflammatory signs and, in parallel, of peripheral antinociceptive effects of p-, F-, and K-SekCtiVe opioid agonists, (2) examined the perineurial permeability to horseradish peroxidase histochemically under normal and inflammatory conditions, and following the in vivo administration of different hyperosmolar solutions, and (3) tested whether it is possible to produce peripheral opioid effects in noninflamed tissue by an extremely lipophilic compound or after artificial disruption of the perineurial barrier by a locally applied hyperosmolar solution.
Materials and Methods
Induction of inflammation. The inflammatory agent used was mod- (Streinzer and Krammer, 1986) . As described by Malmgren and Olsson (1978) they were incubated in the dark with 200 mg of diaminobenzidine tetrahydrochloride in 100 ml of cacodylate buffer (0.1 M, pH 5.1) and 1% hydrogen peroxide for 30 min at room temperature. The sections were then washed in cacodylate buffer, left in air to dry at room temperature, and finally coverslipped with entelan (Merck). To demonstrate specificity of staining, HRP was omitted in control experiments. = 12) paw temperature and volumewere measured-before and 1, 6, 12, 24 hr and 4 d after FCA inoculation. At the same intervals, antinociceptive effects of intraplantar /L-, a-, and K-selective agonists were examined. Separate groups of rats (n = 7-l 2) received into both hindpaws either DAGO (0.004 mg), DPDPE (0.04 mg), U-50,488H (0.04 mg), or saline. To rule out a central site of action, separate groups of rats (n = Experimental protocols. The first set of experiments sought to assess the occurrence of peripheral opioid antinociceptive effects in relation to the development of inflammatory signs. In one group of animals (n Drugs aid their administration. The following drugs were used: (DAla 2, N-methyl-Phe 4, Gly-01 5)-enkephalin (DAGO) (Bachem AG, (Hoechst, Frankfurt, Germany) . Doses were calculated as the free base. U-50,488H, fentanyl, and naloxone were dissolved in sterile normal saline; DAGO, DPDPE, and mannitol were dissolved in sterile water.
Intravenous (i.v.) injections were given in a volume of 0.2 ml via a 24-gauge indwelling plastic cannula (Insyte, Becton Dickinson, Sandy, UT) into a tail vein under briefhalothane anesthesia. Intraplantar (i.pl.) injections were given in a volume of 0.2 ml under brief ether anesthesia. Two minutes after termination of either anesthetic the animals were fully awake and no behavioral anomalies were detected at any time. The mannitol solution had a pH of 6.79 and a temperature of 37°C and was injected together with opioid agonists and/or antagonists over 20-30 sec. All doses and times of administration were based on pilot and previous experiments 1989) .
Parameters of inflammation. Paw volume, paw temperature, and hyperalgesia (paw pressure thresholds) were assessed before and 1, 6, 12, and 24 hr, and 4 d (96 hr) after FCA injection. The volume was assessed by submerging the hindpaws to the tibiotarsal joints into a water filled Perspex cell of a plethysmometer (Ugo Basile, Comerio, Italy). The volume of displacement, which is equal to the paw volume, was then read on a digital display. The surface temperature of the plantar skin was measured with an Infrared radiation thermometer (Ultrakust, Ruhmannsfelden, Germany). These parameters were taken twice and the average calculated. Paw pressure thresholds (PPT) were measured as described below.
Algesiometric testing. Antinociceptive effects of drugs were evaluated using the paw pressure test. The animal was gently restrained under paper wadding and incremental pressure applied via a wedge-shaped blunt piston onto an area of 1.75 mm* of the dorsal surface of the hindpaw by means of an automated gauge (Ugo Basile, Comerio, Italy). The pressure required to elicit paw withdrawal (PPT), was determined. A cutoff of 250 gm was employed. Three consecutive trials, separated by 10 set, were conducted and the average calculated. The same procedure was then performed on the contralateral side; the sequence of sides was altered between subjects to preclude "order" effects. Separate groups of animals were used for each treatment. PPTs were assessed before injection (baseline) and were reevaluated 3-5, 10, and 20 min thereafter. The observer was blind to the experimental condition employed.
Histochemistry. To assess perineurial permeability, rats were treated with HRP according to the protocols outlined below. As described by Rosene and Mesulam (1978) . fixation of paw tissue was initiated under pentobarbital anesthesia (50 mg/kg, intraperitoneal) by perfusion via the ascending aorta with 50 ml of normal saline, followed by 400 ml of 1.25% glutaraldehyde and 1% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4 at 2 1°C) and 200 ml of 5% sucrose in 0.1 M phosphate-6-8) received the total dose of each agonist (6.008 mg DAGO, 0.08 mg DPDPE, 0.08 me, U-50.488H) intravenouslv 12 hr nest FCA inoculation. Naioxone reversibility ofagonist effects at 12 hr after FCA injection was assessed in separate groups (n = 6): Agonists (vide supra) were administered concomitantly with naloxone i.pl. in a total volume of 0.2 ml. Doses of naloxone were 0.005 mg (with DAGO and U-50,488H) and 0.04 mg (with DPDPE).
The second set of experiments sought to examine perineurial permeability histochemically. Rats received intraplantar injections ofHRP (8 mg in 0.1 ml of normal saline) into both hindpaws 12 hr (n = IO) or on day 4 after inoculation with FCA (n = 10). Thirty or 60 min later the animals (groups of five each) were anesthetized and perfused. To study the effects of hyperosmolar solutions on perineurial permeability in normal tissue, untreated rats received bilateral intraplantar HRP (8 mg). Mannitol (0.5 M; 0.2 ml; right paw) or normal saline (0.2 ml, left paw) was given simultaneously with HRP (n = 10) or 30 min later (n = 10). Thirty minutes after the last treatment the animals were anesthetized and perfused. Another group (n = 10) received hypertonic (20%) saline (0.2 ml) into the right and normal saline into the left paw, followed by bilateral HRP (8 mg) 60 min later. Sixty minutes after the last treatment the animals were anesthetized and perfused.
The third set of experiments sought to assess whether opioid-induced antinociception in inflamed paws could be mimicked in noninflamed tissue by concomitant administration of hyperosmotic mannitol. After baseline PPT measurement four groups of animals (n = 6-8) without FCA pretreatment received 0.1 ml mannitol in different concentrations (0,0.5, 1, or 2 mol/liter) together with 0.1 ml of sterile water (left paw) or DAGO (0.004 mg) (right paw). Three minutes later PPT were taken. To determine the time of maximum effect of mannitol, a group of normal rats (n = 7) was injected with 0.5 M mannitol into both hindpaws after determination ofbaseline PPT. Five minutes later animals received DAGO (0.004 mg) into the right paw. After another 5 min (i.e., 10 min after the mannitol injection) PTT were reevaluated.
The effect of mannitol+pioid combinations in rats with inflamed paws was examined in the following experiment. At 12 hr and 4 d after FCA inoculation, respectively, six groups (n = 6-7) received I M mannitol together with either DAGO, DPDPE, or U-50,488H (in the above doses) into inflamed and noninflamed paws.
The opioid receptor specificity of the effects of mannitol-opioid combinations in noninflamed paws was tested in another experiment. Separate groups of normal rats (n = 6-7) received either mannitol, mannitol plus DAGO, DPDPE or U-50,488H, or mannitol plus either agonist plus naloxone i.pl.. To keep a total injection volume of 0.2 ml in the latter experiment, the following concentrations of drugs were applied: mannitoi (0.1 ml, 1 M); DAGG (0.004 mg/0.05 ml), naloxone<b.005 mti0.05 ml): DPDPE (0.04 ma/O.05 ml). naloxone (0.04 me/O.05 ml) Ur50,488H'(0.04 mg/d.05 ml; naloxone (0.005 mi0.05 my).
" The final experiment sought to examine whether a lipophilic opioid agonist produced peripheral antinociceptive effects in normal tissue, whether these could be further enhanced by mannitol and to compare these effects to those occurring in inflamed tissue. Seven separate groups of normal rats (n = 6-7) received different doses of fentanyl (O.OOOl-0.002 mg/O. 1 ml) with or without mannitol(O.1 ml, 1 M) into one and normal saline into the contralateral hindpaw. Three groups of FCA- treated rats received different doses of fentanyl(O.000 l-0.00 12 mg/O. 1 ml) into both hindpaws. PPT were assessed after 5 min. Data analysis. Two-sample comparisons were made using the Wilcoxon test for dependent and the Mann-Whitney U test for independent data. Multiple comparisons and post hoc tests were performed with the Friedman and Scheffe tests for dependent and the Kruskal-Wallis and Dunn tests for independent data. The Bonferroni correction was applied as appropriate (Zar, 1984) . Dose-response curves were compared using a two-factor analysis of variance (ANOVA). Differences were considered significant ifp i 0.05 (two-tailed). The elevation in PPT was expressed period (Friedman test, NS). The temperature of noninflamed paws began to increase slightly at 6 hr (Friedman and Scheffe test, p < O.OS), probably due to a general hyperthermia caused by the inflammation, but remained significantly below that of inoculated paws at all time points (Wilcoxon test, p < 0.005) (Fig. 1) . PPT values before inoculation with FCA were similar in both paws (87.8 i 1.0 gm and 90.2 -+ 4.7 gm, respectively). After onset of inflammation basal PPT did not significantly change in noninflamed paws (86.8 -t 4.2 gm) and decreased in inflamed paws to a minimum of 59.9 f 3.0 gm (Wilcoxon test, p < 0.05) at 12 hr. Thereafter no significant changes were observed in either paw (Friedman test). The temporal evolution of peripheral opioid antinociception is shown in Figure 2 . The first significant elevation in PPT upon opioid administration was observed at 6 hr for DAGO and U-50,488H and at 12 hr for DPDPE (Kruskal-Wallis test, Dunn test, p < 0.01) in inflamed paws. Thereafter PPT elevations remained stable (Kruskal-Wallis test, NS) (Fig. 2) . In noninflamed paws neither agonist elicited significant changes in PPT (Kruskal-Wallis test, NS) (Fig. 2) . Saline had no effect on PPT in either noninflamed or inflamed paws (not shown), neither had intravenous administration of agonists (U test, NS, compared to saline) (Fig. 2) . The antinociceptive effects of all three opioid agonists in inflamed paws were completely reversible by concomitant administration of naloxone (U test, NS, compared to saline) (Fig. 2) . Naloxone alone does not alter PPT at these doses (Stein et al., 1989) . Taken together, these data demonstrate a parallel appearance of inflammatory signs and peripheral opioid receptor-specific antinociceptive effects for all three agonists.
U50.488H
Perineurial permeability patterns are shown in Figure 3 . Both at 12 hr and at 4 d after FCA, intense and homogeneous endoneurial staining was found in numerous nerve branches 60 min after subcutaneous injection of HRP (Fig. 3A) . At 30 min after injection, endoneurial tracer was less concentrated and present in fewer and smaller nerves (not shown). In noninflamed paws, the reaction product was diffusely distributed in epineurial connective tissue and in the outer parts of the perineurium with an abrupt difference in staining intensity at the level of the inner layer of the perineurium (Fig. 3B) . Regardless of the time lag after HRP injection, no endoneurial tracer could be detected in the underlying endoneurium (Fig. 3B ). Locally applied mannitol (but not normal saline), when injected 30 min after HRP into noninflamed tissue, resulted in strong homogeneous endoneurial staining (Fig. 3C ) without evidence for an inflammatory reaction (e.g., cellular infiltration). Endoneurial reaction products were fewer and less intense when mannitol was given earlier (not shown). Similar results were found in rats treated with hypertonic saline (Fig. 30) . In some places tracer was concentrated in intensely staining bodies, probably due to its intracellular accumulation. In control experiments only sporadic staining of erythrocytes or macrophages was seen, presumably representing endogenous peroxidase (not shown). in noninflamed paws by concomitant application of hyperosmolar mannitol. In normal rats, PPT elevations were significant following the addition of 0.25 M and maximal after the addition of 0.5 M mannitol to DAGO (Kruskal-Wallis and Dunn test, p < 0.05) and declined at higher concentrations (Fig. 4) . No effect was seen in paws injected with mannitol alone (Kruskal-Wallis test, NS) (see Figs. 4, 6) . When the mannitol injection preceded the DAGO administration by 5 min, no increase in PPT was detected (data not shown). The third set of experiments demonstrates that the antinoAll three opioid agonists, in combination with mannitol, prociceptive effects of opioids in inflamed paws can be mimicked duced PPT elevations in noninflamed paws that were compa- In normal rats, elevations of PPT similar to those described above were elicited by intraplantar mannitol-opioid combinations (Fig. 6 ). These effects were completely reversible by naloxone and mannitol alone was inactive (Kruskal-Wallis test, Dunn test, p < 0.05) (Fig. 6) . Taken together, these results indicate that, while mannitol itself has no effect on PPT, it allows opioid agonists to induce antinociception through interaction with opioid receptors, independent of the inflammatory process.
Fentanyl produced dose-dependent elevations of PPT in the drug-treated but not in the contralateral saline-treated paw of normal rats. Mannitol significantly potentiated these effects (p < 0.005, two-factor ANOVA) while the saline-treated paw remained unaffected. In FCA-treated rats, significantly lower amounts (p < 0.005, two-factor ANOVA) of fentanyl produced dose-dependent antinociceptive effects in inflamed paws, while the same dose range was ineffective in noninflamed paws. These effects were similar (two-factor ANOVA, NS) to those elicited by mannitol-fentanyl combinations in normal rats (Fig. 7) . These results indicate that a lipophilic opioid can reach the endoneurium to produce peripherally mediated antinociception under normal conditions, and that its transperineurial passage is markedly facilitated by hyperosmolar or inflammatory disruption of the perineurium.
Discussion
The first part of this study demonstrates that (1) upon intraplantar inoculation with FCA, signs of inflammation appear within a few hours and remain largely confined to the inoculated paw, (2) antinociceptive effects of opioid agonists are detectable in the inflamed paw only, occur at a very early stage and in close temporal correlation to the development of the inflammation, (3) these effects are mediated by local opioid receptors in the paw, and (4) three different types of receptors become active simultaneously. Previous studies have shown that peripheral antinociceptive effects of opioids are unequivocally more pronounced in inflamed than in noninflamed tissue (for reviews, see Barber and Gottschlich, 1992; Stein, 1993) and that such effects are brought about by an interaction with opioid receptors located on peripheral sensory or autonomic nerves (Barth0 et al., 1990; Stein et al., 1990; Taiwo and Levine, 199 1) . These observations have been ascribed in part to an increase in the number (upregulation) of receptors Schgfer et al., 1994b) . Consistent with our present findings, peripheral opioid antinociceptive effects have been reported at very early stages of different inflammatory conditions (reviews in Barber and Gottschlich, 1992; Stein, 1993) . At such early stages, however, a de novo synthesis of opioid receptors and axonal transport from the perikaryon to the periphery is not a likely explanation for these effects because this transport requires several days . Furthermore, in view of the highly differentiated neuroanatomical and temporal regulation of the synthesis of different opioid peptides under various inflammatory conditions (Iadarola et al., 1988; Millan et al. 1988; Stein et al., 1990; Przewlocka et al., 1992; Przewlocki et al., 1992) , it seems unlikely that such a synthesis should initiate simultaneously for three different opioid receptor systems. Lastly, we and others have demonstrated opioid receptors on peripheral nerves under normal conditions (LaMotte et al., 1976; Fields et al., 1980; Ninkovic et al., 1982; Stein et al., 1990; Hassan et al., 1993) . Therefore, we put forth an alternative hypothesis, namely, that opioid receptors are preexistent on sensory nerves but hardly accessible under normal circumstances and that the disruption of a physical barrier and a subsequent facilitated access for agonists contributes to their enhanced antinociceptive effects during the early stages of inflammation.
Under normal circumstances, tight intercellular contacts at the innermost layer of the perineurium preserve homeostasis in the endoneurial tissue embedding peripheral neurons. This layer acts as a diffusion barrier not only for high molecular weight or hydrophilic substances such as HRP and peptides (Kristensson and Olsson, 197 1; Rechthand and Rapoport, 1987; Olsson, 1990) but also for lipophilic compounds such as fentanyl and sufentanil (Gissen et al., 1987) . This barrier continues up to the peripheral endings of afferent somatic and autonomic nerve fibers (Low, 1976; Olsson, 1990 ). An exception are noncorpuscular nerve endings, a subgroup of somatic afferents, which terminate either within the perineurium or lack it at their very tips (ca. 0.3 mm in the cat) (Burke& 1967; Heppelmann et al., 1990) . Opioid receptors are located not only at the tips ofafferent nerve terminals but also within a considerable distance (several millimeters in the rat) therefrom . Furthermore, there is evidence for their location on autonomic fibers (Illes, 1989; Taiwo and Levine, 1991) and along axons (Jurna and Grossman, 1977; Frank, 1985; Hassan et al., 1993) . All of the above loci are clearly ensheathed by perineurium (Olsson, 1990) and are potential sites of action for opioids.
Inflammatory conditions entail a deficiency of the perineurial barrier and/or an enhanced permeability of endoneurial capillaries (de la Motte et al., 1975; Rechthand and Rapoport, 1987; Bockman et al., 1988; Powell and Myers, 1989; Olsson, 1990) . A similar leakage can be produced experimentally by the extraneural application of hyperosmolar solutions (Kristensson and Olsson, 1976; Weerasuriya et al., 1979; Rechthand and Rapoport, 1987) . Consistently, our histochemical experiments demonstrate that HRP, applied extraneurally in vivo, does not penetrate into the endoneurium of cutaneous nerves in noninflamed paws but does so at both early and later stages of the inflammatory reaction. In normal tissue, the perineural administration of either hypertonic saline or mannitol strikingly enhances the passage of HRP into the endoneurium. The fact that 20% saline induces this increased barrier permeability when given before, but mannitol only when given after HRP suggests that the former has a prolonged and the latter a transient effect, which is consistent with the literature (see below). Thus, we have demonstrated that a deliberate leakage of the perineurial and/or endoneurial capillary barrier can be produced in vivo. Taken together, these findings strongly support the contention that either inflammatory or artificial disruption of the bloodnerve barrier facilitates the access of macromolecules to sensory neurons.
To further confirm this hypothesis, we examined the effects of a hyperosmolar mannitol solution with and without opioid agonists upon nociceptive thresholds in noninflamed and inflamed tissue. Indeed, the last part of this study demonstrates that (1) while mannitol itself is inactive, it enables opioid agonists to produce opioid receptor-specific antinociception in noninflamed paws, (2) this action is dependent on the concentration of mannitol and of short duration, (3) mannitol does not further enhance the effects of opioids in inflamed tissue, and (4) the intact perineurium is not impenetrable but represents a significant barrier even for a lipophilic compound since the effects of fentanyl are markedly potentiated by hyperosmolar or inflammatory perineurial disruption.
Similar to the situation at the blood-brain barrier (Rapoport and Robinson, 1986) , the effects of hyperosmolar solutions have been ascribed to a transient shrinkage of perineurial cells with subsequent widening of the zonulae occludentes (Kristensson and Olsson, 1976; Rechthand and Rapoport, 1987) . This effect is short lasting, reaches a maximum at certain concentrations of mannitol and declines at higher concentrations (Rapoport et al., 1980; Neuwelt et al., 1986; Butt et al., 1990) , which is fully consistent with our observations. This opening ofthe perineurial barrier can result in an enhanced penetrability for macromolecules and/or ions, which may enable opioid agonists to reach the endoneurium and to interact with neuronal opioid receptors. Alternatively, a change in endoneurial electrolyte concentrations (Myers et al., 1983) or mannitol itself may cause an alteration of the conformation of opioid receptors from an inactive to an active state and/or a change of the excitability or conductive properties ofaxons (Rechthand and Rapoport, 1987; Powell and Myers, 1989) . The latter mechanism, however, seems unlikely in our experiments, since (1) the effects of mannitolopioid combinations were completely reversible by naloxone and (2) mannitol given alone had no effect, which is consistent with clinical studies describing mannitol as an essentially inert substance (Neuwelt and Dahlborg, 1989) . The fact that mannitol did not further enhance opioid antinociception in inflamed paws is consistent with the notion that opioid agonists have free access to their receptors due to an already deficient perineurial barrier. In summary, we have shown that peripheral opioid analgesia and perineurial disruption coincide during very early stages of an inflammatory reaction and that both can be mimicked by hyperosmolar solutions in normal tissue. These findings have several interesting implications. (1) While initially discovered under inflammatory conditions, peripheral opioid analgesic effects can be brought about in normal tissue as well. The hitherto enigmatic observation that such effects are difficult to detect in noninflamed tissue is now explainable. (2) Beyond their particular significance for opioids, these data underscore the important role of the perineurial barrier for the pharmacokinetics of locally applied compounds influencing neuronal function in general, and they demonstrate for the first time that the efficacy of both hydrophilic and lipophilic compounds can be improved dramatically by the concomitant modulation of perineurial permeability. (3) These observations indicate an unrestricted transperineurial passage for peptides in inflammation and thus add a further integral component to our previously outlined concept of a direct communication between immune cell-derived endogenous opioid peptides and sensory nerves resulting in the inhibition ofinflammatory pain Schafer et al., 1994a) .
